TITLE OF THE INVENTION 

ELECTRIC POWER STEERING DEVICE 

BACKGROUND OF THE INVENTION 
!• Field of the Invention 

[0001] The present invention relates to an electric power 
steering device for motor vehicles. More particularly r the 
present invention relates to an electric power steering device 
that can detect faults to occur in the motor current detecting 
means - 

2 . Prior Art 

[0002] An electric power steering device employed for a motor 
vehicle detects a steering torque generated at a steering shaft 
by an operation of the steering wheel and a speed of the motor 
vehicle and drives the motor according to detected signals, 
thereby assisting the steering power of the steering wheel. 
An electronic control circuit is used to control such an 
electric power steering device as follows: a value of a current 
to be supplied to the motor is calculated based on the steering 
torque detected by a torque sensor and the vehicle speed 
detected by a vehicle speed sensor and the supply current is 
controlled based on the calculation result. 

[0003] Concretely/ the electronic control circuit controls 
the supply current so that a large assist steering power is 
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supplied to the steering wheel when the steering torque is 
generated by an operation of the steering wheel and the detected 
vehicle speed is zero or low, and a small assist steering power 
is supplied to the steering wheel when the speed of the motor 
vehicle is high, thereby optimizing the supply of the assist 
steering power in accordance with the running state of the motor 
vehicle. 

[0004] . In such an electric power steering device, the actual 
current that flows in the motor is fed back and controlled so 
that the current matches with the target value calculated based 
on the steering torque and the vehicle speed. The electric 
power steering device is thus provided with a motor current 
detecting means for detecting the current that flows in the 
motor . 

[0005] In such an electric power steering device, if the 
motor current detecting means breaks down, accurate motor 
current measurement is disabled and accordingly, an excessive 
current flows in the motor. As a result, an excessive assist 
steering power is supplied to the steering wheel or a sufficient 
current is not supplied to the motor. The assist steering power 
to be supplied to the steering wheel will thus become 
insufficient . 

[0006] Furthermore, an operation check is usually done for 
the controlling device of the motor vehicle at the engine 
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start-up time. An operation check is also done for the motor 
current detecting means at this time. And, when a current is 
supplied to the motor in the operation check, the motor rotates. 
If the motor shaft is coupled with the steering mechanism at 
this time, the steering wheel also rotates, thereby an 
unexpected accident might occur. 

[00071 To avoid such an accident, Japanese Patent Laid Open 
Publication No. H8-91239 (91239/1996) proposes the use of a 
fault determining means. According to the invention, a fault 
to occur in the motor current detecting means is determined 
based on a current value expected when a voltage is applied 
to the motor only for a short time assumed to be larger than 
the electrical time constant and smaller than the mechanical 
time constant of the motor, and a motor current detected by 
the motor current detecting means itself. 

[0008] The fault determining means of the above-described 
motor current detecting means determines a fault based on a 
voltage applied to the motor only for a short time just after 
the engine is started up by turning on the ignition key, that 
is, only for a time whose value is larger enough than the 
electrical time constant and smaller enough than the mechanical 
time constant of the motor. This is needed to prevent the above 
described unexpected accident to be caused by an unexpected 
rotation of the steering wheel when the motor begins rotating 
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just after the engine starts. 

[0009] The motor r when it is kept used for a certain time, 
causes an electrically insulated oxide film to be formed on 
contact surfaces between the commutator and the brush of the 
motor- The oxide film becomes thicker with time, thereby the 
electric resistance between the contact surfaces rises. To 
apply a higher voltage is thus required to rotate the motor 
in this connection. 

[0010] Figs. 9(a) and 9(b) are diagrams showing the 
disturbance by such an oxide film against motor current 
measurement. As to be understood from Fig. 9(a), a line A 
denotes the normal state of the motor, in which no oxide film 
is formed on the contact surface, since the motor is new. The 
applied voltage and current of the motor are in a proportional 
relationship with each other. The motor current increases in 
proportion to the rising of the applied voltage. Another line 
B shows a case in which an oxide film is formed on the contact 
surfaces. The motor current does not increase in proportion 
to the rising of the applied voltage in this case. When the 
applied voltage reaches the value S, however, the oxide film 
causes breakdown (puncture), thereby the electric resistance 
of the film drops sharply. Consequently, a current 
corresponding to the normal voltage comes to flow in the motor. 
[0011] Fig. 9(b) shows how the applied voltage that causes 



breakdown of the oxide film rises. When the oxide film becomes 
thicker with time, applied voltage that causes breakdown of 
the oxide film will be raised up SI, S2, S3 and S4 with time. 
[0012] As described above, application of a low voltage to 
the motor only for a short time might cause a problem in 
determination of a fault in the motor current detecting means 
since the motor current is not detected or only a few motor 
current is detected due to the oxide film formed on the contact 
surface. It might thus be determined wrongly that the motor 
current detecting means is defective. 

SUMMARY OF THE INVENTION 

[0013] 1. It is an object of the present invention to provide 
an electric power steering device that enables sure detection 
of faults to occur in the motor current detecting means free 
from the disturbance by the electrically insulated oxide film 
to be formed on the contact surface between the commutator and 
the brush of the motor for assisting the steering torque in 
an operation check for the electronic control circuit performed 
just after the device engine starts up. 

[0014] 2. It is another object of the present invention to 
provide an electric power steering device that enables sure 
detection of faults to occur in the motor current detecting 
means free from the disturbance by the electrically insulated 



oxide film formed on the contact surface between the commutator 
and the brush of the motor for assisting the steering torque 
by increasing the voltage applied to the motor in an operation 
check of the electronic control circuit performed just after 
the device engine is started. 

[0015] 3. It is still another object of the present invention 
to provide an electric power steering device that enable sure 
detection of faults to occur in the motor current detecting 
means by increasing the voltage applied to the motor for 
assisting the steering torque step by step with time^ thereby 
breaking the electrically insulated oxide film formed on the 
contact surface between the commutator and the brush of the 
motor. 

[0016] 4 . It is still another object of the present invention 
to provide an electric power steering device that enables sure 
detection of faults to occur in the motor current detecting 
means by increasing the voltage applied to the motor for 
assisting the steering torque step by step with time according 
to a difference integrated value between a current command 
value for the motor and the detected motor current, thereby 
breaking the electrically insulated oxide film formed on the 
contact surface between the commutator and the brush of the 
motor. 

[0017] 5. These and other objects of the present invention 
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will become more apparent upon a reading of the following 
detailed descriptions and drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Fig. 1 is a schematic block diagram of an electric 
power steering device in the first embodiment of the present 
invention; 

[0019] Fig. 2 is a block diagram of an electronic control 
circuit in the first embodiment of the present invention; 
[0020] Fig. 3 is a block diagram of a motor drive circuit; 
[0021] Figs. 4(a), 4(b), 4(c) and 4(d) are diagrams showing 
the transient characteristics of a motor current i and a motor 
angular velocity (o, as well as a timing for sampling the motor 
current i; 

[0022] Figs. 5(a) and 5(b) are diagrams showing how to change 
a duty ratio D with time in a sampling operation; 
[0023] Figs. 6(a) and 6(b) are diagrams showing how to change 
the duty ratio D with time in a plurality of sampling operations; 
[0024] Fig. 7 is a flowchart of the controlling operations 
performed by the electronic control circuit; 
[0025] Fig. 8 is a block diagram of an electronic control 
circuit in the second embodiment of the present invention; and 
[0026] Fig. 9(a) and Fig. 9(b) are diagrams showing the 
disturbance by an oxide film formed on the contact surface 
between the commutator and the brush of the motor against motor 
current measurement. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0027] Hereunder r the preferred embodiments of the present 
invention will be described with reference to the accompanying 
drawings . 

[ First Embodiment ] 

[0028] The first embodiment of the present invention will 
be described. Fig. 1 shows a schematic block diagram of an 
electric power steering device in the first embodiment of the 
present invention. A shaft 2 of a steering wheel 1 is connected 
to a tie rod 8 of a wheel through a reduction gear 4, universal 
joints 5a and 5b, and a pinion rack mechanism 7. The shaft 2 
is equipped with a torque sensor 3 for detecting a steering 
torque of the steering shaft 2. A motor 10 for assisting the 
steering power is connected to the shaft 2 through a clutch 
9 and the reduction gear 4 . 

[0029] An electronic control circuit 13 for controlling the 
electric power steering device receives a power from a battery 
14 through an ignition key 11. . The electronic control circuit 
13 calculates a current command value according to the steering 
torque detected by the torque sensor 3 and the vehicle speed 
detected by the vehicle speed sensor 12 to control the current 
i supplied to the motor 10 based on the calculated current 
command value. 

[0030] The clutch 9 is controlled by the electronic control 
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circuit 13. The clutch 9 is engaged with the reduction gear 
4 in the normal state and disengaged from the reduction gear 
4 when it is determined that the electric power steering device 
is defective or when the power is turned off. 
[0031] Fig. 2 shows a block diagram of the electronic control 
circuit 13- In this first embodiment, elements in the 
electronic control circuit 13 that is mainly configured by a 
CPU are shown as functions to be executed by a program stored 
in the CPU. For example, a phase compensator 21 is not shown 
as an independent hardware unit here; it is shown as a function 
of phase compensation executed in the CPU. The electronic 
control circuit 13 may not be configured by the CPU and each 
of the above functions may be configured by independent 
hardware units (electronic circuit), of course. 
[0032] Next, the functions and operations of the electronic 
control circuit 13 will be described. A steering torque signal 
inputted from the torque sensor 3 is subjected to phase 
compensation in the phase compensator 21 so as to improve the 
steering system stability. The signal is then inputted to a 
current command value calculator 22. The vehicle speed 
detected by the vehicle speed sensor 12 is also inputted to 
the current command value calculator 22. 

[0033] The current command value calculator 22 calculates 
a current command value I with use of a predetermined expression 
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based on the torque signal and the vehicle speed received 
respectively as described above. The current command value I 
is a target control value of the current to be supplied to the 
motor 10. 

[0034] A circuit comprising a comparator 23, a differential 
compensator 24/ a proportional calculator 25, and an integral 
calculator 26 is used for executing feedback control so as to 
make actual motor current value i matche with the current 
command value I . 

[0035] The proportional calculator 25 outputs a proportion 
value that is proportional to a difference between the current 
command value I and the actual motor current value i. The 
output signal of the proportional calculator 2 5 is integrated 
in the integral calculator 2 6 to improve the feed-back system 
characteristics, then output as a proportion value of the 
integrated difference value. 

[0036] The differential compensator 24 outputs a 
differentiated value of the current command value I to improve 
the response characteristics of the motor current value i that 
actually flows in the motor, with respect to the current command 
value I calculated by the current command value calculation 
part 22. 

[0037] The differentiated value of the current command value 
I output from the differential compensator 24, the proportion 
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value proportional to the difference between the current 
command value I and the actual current value i output from the 
proportional calculator 25, and the integrated value output 
from the integral calculator 26 are added up in the adder 27 
and the result of current control value (the duty ratio of the 
PWM signal determining a voltage to be applied to the motor) 
is output to the motor drive circuit 41 as a motor drive signal. 
[0038] Fig. 3 shows a block diagram of the motor drive circuit 
41. The motor drive circuit 41 is configured mainly by a 
converter 44 for converting a current control value inputted 
from the adder 27 to a PWM signal and a current direction signal 
separately, switching elements FETl to FET4 (field effect 
transisitors) , a FET gate drive circuit 45 for opening/closing 
the gates of those switching elements. The boosting power 
source 46 is used for driving the high side of each of the gates 
FETl and FET2. 

[0039] ThePWMsignal (pulse width modulation signal ) drives 
the gates of the switching elements FETl to FET2 of the H- 
bridge connected FETs . The PWM signal is also used to determine 
a duty ratio (a time ratio to turn on/off the FET gates) based 
on the absolute current control value calculated by the adder 
27. 

[0040] The current direction signal denotes a direction of 
the motor current. This signal is determined by the 
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positive/negative sign of the corresponding current control 
value calculated by the adder 27. 

[0041] As described above, both FETl and FET2 are switching 
elements, each having a gate to be turned on/off based on the 
duty ratio of the PWM signal. Those FETl and FET2 are used to 
control the size of the motor current. Both FET3 and FET4 are 
also switching elements, each having a gate to be turned on/off 
based on the current direction signal- (When one of the FET3 
and FET4 is turned on, the other is turned off.) They (FET3 
and FET4 ) are used to switch the motor current direction, that 
is, the motor rotating direction. 

[0042] When the FET3 is conductive, the current flows towards 
the motor 10 in the positive direction through the FETl, the 
motor 10, the FET3, and the resistor Rl . When the FET4 is 
conductive, the current flows toward the motor 10 in the 
negative direction through the FET2, the motor 10, the FET4 , 
and the resistor R2 . 

[0043] The motor current detection circuit 42 detects the 
value of the current in the positive direction based on the 
voltage that drops at both ends of the resistor Rl and detects 
the value of the current in the negative direction based on 
the voltage that drops at both ends of the resistor R2 . The 
detected actual motor current value is fed back to the 
comparator 23 (see Fig. 2). 
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[0044] The electronic control circuit described above sets 
a large current command value I when detected steering torque 
is large or the detected vehicle speed is zero or low. When 
the detected steering torque is small or the detected vehicle 
speed is high, the control circuit sets a small current command 
value I. The steering power is thus assisted optimally 
according to the running state of the subject motor vehicle. 
[0045] Next, an explanation will be made for how a fault is 
detected in the motor current detecting means and the fail-safe 
processing to be performed according to the detection result. 
[0046] At first, the principles of the fault detection and 
the fail-safe processing will be described. When the ignition 
key 11 is turned on to apply a voltage V to the motor, a 
relationship in the following expression (1) is established 
between the voltage V that flows between motor terminals and 
the current i that flows in the motor. 
[0047] V=L di/dt+Ri+lCrtD ... (1) 

[0048] Here, the k, denotes a counter electromotive force 
constant and the o) denotes a motor angular speed, the L denotes 
a motor inductance, and the R denotes an inter-terminal 
resistance of the motor. 

[0049] The mechanical time constant Tm of the motor is 
obtained by dividing the inertia moment J of the motor by the 
viscosity resistance B of the motor and represented as Tm=J/B. 
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The electrical time constant Te of the motor is obtained by 
dividing the inductance L of the motor by the resistance R of 
the motor and represented as Te=L/R. 

[0050] Fig. 4 shows the transient characteristics of the 
motor current i and the motor angular velocity o), as well as 
a timing for sampling the motor current when the time T is set 
smaller enough than the mechanical time constant Tm of the motor 
and larger enough then the electrical time constant Te of the 
motor (Te«T«Tm) and a voltage V is applied to the motor just 
for a time between the initial state and the time T. 
[0051] Fig. 4(a) shows a relationship between the voltage 
V applied to the motor and the application time. A certain 
voltage VO is applied to the motor until the time TO before 
the motor current sampling begins. When the sampling begins,, 
the duty ratio changes^ thereby the voltage v applied to the 
motor changes with time. 

[0052] Fig. 4(b) shows a relationship between the motor 
current and the application time. As shown in Fig. 4(b) , when 
the voltage v is applied to the motor, the motor current i rises 
quickly (the electrical time constant Te «applied time T of 
the voltage V) and the constant current i flows in the motor. 
The "is" denotes an estimated motor current value (to be 
described later). 

[0053] Fig. 4(c) shows a relationship between the angular 
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velocity a> of the motor and the application time. As shown 
in Fig. 4(c), the mechanical time constant Tm of the motor is 
large and the angular velocity oo of the motor is almost zero, 
that is, the motor does not rotate for the time T in which the 
voltage V is applied to the motor. In this connection, when 
the voltage V to be applied to the motor is determined so that 
the estimated motor current "is" is set lower than the value 
corresponding to the static friction torque of the steering 
mechanism, the condition that the motor does not rotate 
unexpectedly is satisfied. 

[0054] Fig. 4(d) shows a timing for sampling the motor 
current. As shown in Fig. 4(d) , the sampling begins at the time 
TO after the voltage V is applied to the motor. 
[0055] According to the transient characteristics of the 
motor current i and the motor angular velocity co, the motor 
current rises when the time TO is up, then the voltage V is 
applied to the motor. The time TO is a little earlier than the 
time T. And, because the motor hardly rotates while the 
constant current i flows in the motor, the angular velocity 
o) and the differentiated value of the motor current i becomes 
approximately zero. 

[0056] Consequently, the above expression (1) can be 
replaced with the following expression (2). 
[0057] V=Ri ... (2) 
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[0058] The estimated motor current "is" is thus obtained by 
dividing the voltage V between motor terminals by the internal 
resistance R and represented by the following expression (3) . 
[0059] is=V/R (3) 

[0060] As to be understood from the expression (3), the 
estimated motor current "is" does not include any of the 
counter-electromotive force KtO) and the regenerative voltage 
L di/dt item of the motor, so that the motor current "is" can 
be estimated free from the disturbance by the counter 
electromotive force and the regenerative voltage of the motor. 
[0061] The voltage applied to the motor may be detected 
directly from the voltage V between motor terminals or as 
follows . 

[0062] The voltage V between motor terminals is related to 
the current control value (the duty ratio of the PWM signal) 
supplied to the motor as shown in the following expression (4) . 
[0063] V = Vg^^ D . . • (4) 

[0064] Here, the Vb^^ denotes a battery voltage and the D 
denotes a duty ratio of the PWM signal, 

[0065] Consequently, the expression (3) for representing 
the estimated motor current "is" can be replaced with the 
following expression (5). 
[0066] is = {Vb^t D)/R (5) 

[0067] Hereinafter, a description will be made for both 
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configuration and operation of the fault determination of the 
motor current detecting means and the fail-safe processing with 
reference to Fig. 2. 

(0068) When the ignition key 11 is turned on, a voltage is 
applied to the motor only for a predetermined time T preset 
in a timer TM (not shown). The on-state of the ignition key 
11 is detected by the ignition key ON detector 31 and the 
detected signal is inputted to the fault detector 32 . The fault 
detector 32 also receives a battery voltage V'bat detected by 
the battery voltage detector 3 6 and a current control value 
(duty ratio D of the PWM signal), which is an input signal of 
the motor drive circuit. 

[0069] Furthermore, sampling of the motor current i begins 
at the predetermined time TO (TO<T) preset in the timer TM (not 
shown) and the motor current value i detected by the motor 
current detection circuit 42 is inputted to the fault detector 
32. The sampling is performed just for the predetermined time 
Ts preset in the timer TM. , 
[0070] The fault detector 32 calculates an estimated current 
value "is" by substituting the battery voltage value Vba,, the 
duty ratio D of PWM signal, and the resistance R between motor 
terminals for the expression (5), then compares the result of 
calculated current value "is" with the motor current value "i" 
detected by the motor current detection circuit 4 2 as a sampling 
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value. As a result^ when the difference of absolute value 
|is-i| is larger than a predetermined allowable value Ai/ it 
is determined that the motor current detection circuit 4 2 is 
defective. 

[0071] When it is determined that the motor current detection 
circuit 42 is defective, the fail-safe processor 33 is actuated 
to turn off a fail relay 34 and open a contact 34a so that power 
supply to the motor 10 is shut off and the electric power 
steering device is set in no-operation condition. 
[0072] The fault determination for the motor current 
detection circuit 42 might be taJcen as a real fault or wrong 
fault. The wrong fault is caused by that the contact surface 
between the commutator and the brush of the motor is covered 
by an oxide film, thereby no motor current is detected or only 
a slight motor current is detected. 

(007 3] In order to prevent such a wrong fault determination, 
a voltage between motor terminals, that is, a voltage applied 
to the motor is increased step by step with time to brealc the 
oxide film, thereby eliminating the disturbance by the oxide 
film against the motor current detection. After this, the 
motor current i is detected to determine whether or not the 
motor current detection circuit 42 is defective. Hereinafter, 
the configuration of the electric power steering device 
required for this processing will be described. 
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[0074] AS shown in the expression (4), the voltage between 
motor terminals, that is, the voltage V applied to the motor 
is determined by the duty ratio D of PWM signal and the battery 
voltage value V^m- Thus, the voltage between motor terminals, 
that is, the voltage V applied to the motor can be changed by 
changing the duty ratio D. 

[00751 Here, a description will be made for two methods for 
changing the duty ratio D of PWM signal to change the motor 
applied voltage V: one method changes the duty ratio D with 
time in one sampling operation and the other method changes 
the duty ratio D based on the number of time for sampling done 
by a plurality of sampling operation. 

[0076] Fig. 5(a) and Fig. 5(b) show diagrams for describing 
a method for changing the duty ratio D with time during the 
one sampling operation- As shown in Fig. 5(a), the duty ratio 
D is changed from Dl to D2 in the sampling operation between 
the times Tl and T2 as shown in line A. The voltage V applied 
to the motor at this time is changed in proportion to the 
increase of the duty ratio D as shown in Fig. 5(b) as follows; 
the on-time of the voltage V applied to the motor becomes longer 
gradually as shown in line and accordingly the average value 
of the voltage V increases from VI to V2 gradually as shown 
in line B. 

[0077] Fig. 6(a) and Fig. 6(b) show diagrams for describing 



a method for changing the duty ratio D with time in a plurality 
of sampling operations . As shown in Fig. 6(a), the duty ratio, 
which is Dl in the first sampling operation, rises more and 
more in the subsequent sampling operation. In the (n)-th 
sampling operation, the duty ratio D becomes D2 . The duty ratio 
is assumed to be fixed in each one sampling operation in this 
case as shown in Fig. 6(b), line B. The voltage V applied to 
the motor at this time extends its on-time longer and longer 
in the subsequent sampling operation. As a result, the average 
value of the voltage V applied to the motor changes gradually 
from VI to V2 as shown in Fig. 6(b), line C. 
[007 8] Duty ratio Dl is the minimum duty ratio, which 
corresponds to the minimum necessary voltage V for breaking 
an oxide film as described above. Duty ratio D2 is the maximum 
duty ratio, which corresponds to the maximum voltage V applied 
to the motor just before the motor rotates , thereby the steering 
wheel begins rotating. 

[0079] Any of the above methods can be selected for changing 
the duty ratio D to increase the voltage V applied to the motor. 
[0080] Fig. 7 shows a flowchart for controlling the operation 
of the fault detector 3 2 when the method for changing the duty 
ratio D based on the number of times of sampling done by a 
plurality of sampling operations. 

[0081] At first, the fault detector 32 is initialized, and 
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the timer TM is started (step Pi). Then, the battery voltage 
value Vbat and the PWM signal duty ratio D are read sequentially 
(steps P2 and P3 ) . It is assumed here that Dl (the minimum duty 
ratio) is set as the initial duty ratio D, after that it is 
updated when duty ratio is changed. 

[0082] The voltage V corresponding to the set duty ratio D 
is applied to between terminals of the motor (step P4 ) . When 
the predetermined time TO preset in the timer TM is up (step 
P5), the motor current sampled value i is read from the motor 
current detection circuit 42 (step P6). The estimated motor 
current "is" is calculated by the expression (5) (step P7 ) to 
determine whether or not the absolute value |is - i| is larger 
than the predetermined allowable value Ai (step P8) . When the 
result in step PS is NO (not larger), it is determined that 
no fault has occurred, thereby control goes to the normal 
processing. 

[0083] When the result in step PB is YES (larger), the duty 
ratio D is changed to break the oxide film, since the motor 
current detector might be defective and/or an oxide film is 
formed on the contact surface between the commutator and the 
brush of the motor, thereby the motor current might not be 
detected accurately. It is determined whether or not the set 
duty ratio is D2 (maximum value) (step P9)- When the result 
is YES (D2), it is estimated that the oxide film is already 
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broken. Consequently, it is determined that the motor current 
detection circuit 42 is defective and the fail-safe processing 
is performed while the duty ratio D2 is kept as is (step PIO), 
then the processing is terminated. 

[0084] When the result in step P9 is NO (not D2 ) , the battery 
voltage V^^^ is read, then the duty ratio D is increased by one 
step (steps Pll and P12). After that, program controlling is 
jumped to step P4 . 

[0085] A voltage value corresponding to the mechanical time 
constant Tm of the motor is assumed as the upper limit for the 
voltage V applied to the motor for preventing the motor rotation 
in the fault detection processing. 

[0086] As described above, in the first embodiment, the motor 
current detecting circuit is checked for faults just after the 
ignition key is turned on. The fault is detected by comparing 
the estimated motor current value based on the motor current 
command value with the actual motor current value detected by 
the motor current detection circuit while the motor current 
command value is set only for a time T whose value is smaller 
enough than the mechanical time constant Tm and larger enough 
than the electrical time constant Te of the motor {Te«T«Tm) 
and the current control value is changed with time. The method 
thus makes it possible to determine faults of the motor current 
detecting circuit while the motor does not rotate. 
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[0087] Furthermore, the motor current detection circuit is 
also checked for faults while a current flows in the motor only 
for a short time. However, the fault that is detected at this 
time might not be a real one. This is because a similar fault 
is often detected when an oxide film is formed on the contact 
surface between the commutator and the brush of the motor, 
thereby the motor current cannot be detected accurately. In 
this first embodiment, to avoid such a problem, the duty ratio 
D that determines the motor voltage is changed with time to 
increase the voltage applied to the motor step by step so that 
the oxide film on the contact surface is broken to enable correct 
detection of the motor current. Consequently, faults of the 
motor current detection circuit come to be always detected 
accurately. 

[0088] Furthermore, in the first embodiment, faults of the 
motor current detection circuit can be detected just after the 
ignition key is turned on while the motor angular velocity o 
is almost zero and accordingly , the motor does not rotate . Then 
an accident that the steering wheel happens to rotate while 
the motor current detection circuit is checked for faults can 
be prevented. 
[Second Embodiment] 

[0089] Next, the second embodiment of the present invention 
will be described. 



- 24 - 



[0090] Fig. 8 shows a block diagram of an electronic control 
circuit 13. In this second embodiment, the same reference 
numerals will be used for the same elements as those in the 
first embodiment, avoiding redundant description. In the 
second embodiment, elements of the electronic control circuit 
13 that is mainly configured by a CPU are shown as functions 
to be executed by a program stored in the CPU. For example, 
a phase compensator 21 does not denote an independent hardware 
unit here; it is shown as a function of phase compensation to 
be executed in the CPU. The electronic control circuit 13 may 
not be configured by the CPU and each of the above functions 
may be configured by independent hardware units (electronic 
circuit)/ of course. 

[0091] Hereunder, the functions and operations of the 
electronic control circuit 13 will be described. A steering 
torque signal inputted to a torque sensor 3 is subjected to 
phase compensation by a phase compensator 21 to improve the 
stability of the steering system, then inputted to a current 
command value calculator 22. A vehicle speed detected by a 
vehicle speed sensor 12 is also inputted to the current command 
value calculator 22. The current command value calculator 22 
calculates a current command value I with use of a predetermined 
expression based on a torque signal and a vehicle speed signal 
inputted as described above. The current command value I is 
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a target control value of the current to be supplied to a motor 
10. - 

[0092] A current deviation calculator/proportional 
integrator 53 is a calculating element that calculates a 
difference Ai between the current command value I output from 
the current command value calculator 22 and the actual motor 
current value i detected by the motor current detection circuit 
42, and perform a proportional integration (PI operation) 
according to the difference Ai, thereby outputting a current 
control value E for controlling the motor 10. 
[00931 Next, the operation of the current deviation 
calculator/proportional integrator 53 will be described. 
While the motor current value i is detected normally, the 
difference value Ai becomes approximately zero. The current 
control value E output from the current deviation 
calculator/proportional integrator 53 thus becomes 
approximately equal to the current command value I, and the 
motor 10 is driven by the fed -back control so that the difference 
value Ai becomes zero. 

[0094] While the motor current value i is not detected 
normally, the difference value Ai between the current command 
value I and the detected actual motor current value i is large, 
consequently, the current control value E increases step by 
step as a result of the proportional integration (PI operation) 
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performed by the difference value Ai between the current 
command value I and the detected actual motor current value 
i. Thus^ the voltage V applied to the motor 10 between 
terminals rises step by step. 

[0095] When the contact surface between the commutator and 
the brush of the motor 10 is covered by an oxide film, the initial 
motor current value i is detected only slightly. Then, the 
slightly detected current value i is fed back to the current 
deviation calculator/proportional integrator 53. As the 
difference values Ai are integrated, the current control value 
E increases step by step, thereby the motor applied voltage 
V rises step by step. 

[0096] When the motor applied voltage V exceeds a certain 
value, the oxide film on the contact surface is broken. A large 
current thus comes to flow in the motor suddenly in 
correspondence to the high voltage V applied according to the 
increased current control value E. After this, however, the 
motor current value i comes to be detected normally, thereby 
the motor is driven by the fed back control so that the 
difference value Ai between the current command value I and 
the detected actual motor current value i becomes zero. 
[0097] The motor current checker 54 determines whether or 
not the motor current value i detected by the motor current 
detection circuit 42 is within the preset limit value. When 
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the result is NO (not within the limit value) , the motor current 
checker 54 outputs a fault signal. The signal denotes that a 
fault is detected in the motor current detection circuit 42. 
When the result is YES (within the limit value), the motor 
current checker 54 outputs a no-fault signal. 
[0098] The fault detector 55 determines whether the motor 
current detection circuit 42 is faults or not and output a fault 
determination signal based on a plurality of signals output 

m 

from the motor current checker 54, a signal output from the 
ignition key ON detector 31 that detects the on-state of the 
ignition key, and a signal output from the battery voltage 
detector 36 that determines whether battery voltage is normal 
or not. 

[0099] The fail-safe processor 56 actuates a relay circuit 
34 according to the fault determination signal output from the 
fault detector 55 to shut off the power supply to the motor 
10. The fault determination and the fail-safe processing will 
be described in detail later. 

[0100] The configuration of the motor drive circuit 41 is 
the same as that in the first embodiment. The description will 
thus be omitted here. 

[0101] The electronic control circuit described above can 
assist the steering power optimally according to the running 
state of the subject motor vehicle, since a large current 
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command value I is set when the detected steering torque is 
large and the detected vehicle speed is zero or low and a small 
current command value I is set when the detected steering torque 
is small and the detected vehicle speed is high. 
[0102] Nextr a description will be made for how a fault in 
the motor current detection circuit 4 2 will be determined and 
how a fail-safe processing is performed based on the detection 
result. 

[0103] At first, the principles of the fault determination 
and the fail-safe processing will be described. When the 
ignition key is turned on to apply a voltage V to the motor 
10, a relationship as shown in the following expression (1) 
is established between the voltage V between motor terminals 
and the motor current i. 
[0104] V = Ldi/dt+Ri+kiCO (1) 

[0105] Here, the denotes a counter-electromotive force 
constant of the motor and the co denotes an angular velocity 
of the motor. The L denotes an inductance of the motor and the 
R denotes a resistance between motor terminals. 
[0106] The mechanical time constant Tm of the motor is 
obtained by dividing the inertia moment J of the motor by the 
viscosity resistance B of the motor and represented as Tm=J/B. 
The electrical time constant Te of the motor is obtained by 
dividing the inductance L of the motor by the resistance R of 
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the motor and represented as Te=L/R. 

[0107] Next, a description will be made for the transient 
characteristics of the motor current i and the motor angular 
velocity o>, as well as a timing for sampling the motor current 
when the time T is set smaller enough than the mechanical time 
constant Tm of the motor and larger enough then the electrical 
time constant Te of the motor (Te«T«Tm) and a voltage V is 
applied to the motor just for a time between the initial state 
and the time T with reference to Fig. 4(a) and Fig. 4(b) that 
are also referred to in the first embodiment. 
[0108] Fig. 4(a) shows a relationship between the voltage 
V applied to the motor and the application time T. A certain 
voltage VO is applied to the motor until the time TO before 
the motor current sampling begins . After the sampling begins , 
the voltage V increases with time step by step. 
[0109] Fig. 4(b) shows a relationship between a motor current 
and a current application time. In the normal state, that is, 
when no oxide film is formed on the contact surface between 
the commutator and the brush of the motor, the motor current 
rises quickly (electrical time constant Te of the 
motor«applying time T of the voltage V) in response to the 
voltage V applied to the motor, thereby a constant current i 
flows in the motor. 

[0110] Fig. 4(c) shows a relationship between an angular 
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velocity o of the motor and an application time. As shown in 
Fig • 4 ( c ) ^ the mechanical time constant Tm of the motor is large 
and the angular velocity of the motor is almost zero, that is, 
the motor does not rotate for the time T in which the voltage 
V is applied to the motor. In this connection, when the voltage 
to be applied to the motor is determined so that the estimated 
motor current "is" is set lower than the value corresponding 
to the static friction torque of the steering mechanism, the 
condition that the motor does not rotate unexpectedly is 
satisfied . 

[0111] Fig. 4(d) shows a timing for sampling the motor 
current i. As shown in Fig. 4(d), the sampling begins at TO 
after the voltage V is applied to the motor. The Ts denotes 
a sampling time. 

[0112] As described above, the motor current detection 
circuit 4 2 fault determination is done by sampling the motor 
current value i by a plurality of times just after the ignition 
key is turned on. 

[0113] Hereinafter, a description will be made for how a 
fault in the motor current detection circuit 42 of the present 
invention is determined, as well as for the configuration and 
operation of the fail-safe processing based on the fault 
determination with reference to Fig. 8. 

[0114] The motor current detection circuit 42 might fail in 
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the detection of the motor current value i in the following 
two cases . In one case , the motor current does not flow or flows 
only slightly due to the disturbance by the oxide film formed 
on the contact surface between the commutator and the brush 
of the motor while the motor current detection circuit 4 2 is 
normal in operation. In the other case, the motor current 
detection circuit 42 itself is defective. 

[0115] To avoid such wrong fault detection, the present 
invention enables the motor current value i to be" detected after 
the oxide film on the contact surface is broken, thereby the 
fault of the motor current detection circuit 42 itself is 
detected accurately. 

(01161 When the ignition key 11 is turned on, the voltage 
V is applied to the motor only for a predetermined time T preset 
in a timer TM (not shown). The on-state of the ignition key 
11 is detected by the ignition key ON detector 31 and the 
detected signal is inputted to the fault detector 55 . The fault 
detector 55 also receives a battery voltage v^^t detected by 
the battery voltage detector 36. 

[0117] At the time of the detection of fault of the motor 
current detection circuit 42, no steering torque is generated 
and the vehicle speed is zero. Therefore, the motor is not 
driven to generate an assist torque. Consequently, a 
predetermined current command value I for fault detection is 
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output from the current command value calculator 22 so as to 
apply the voltage V to the motor 10. 

[0118] On the other hand, sampling of the motor current value 
i is started after predetermined time TO (TO<T) preset in the 
timer TM (not shown) is up. The sampling continues only for 
the predetermined time Ts preset in the timer TM, as shown in 
Fig. 4(d) . 

[0119] As described above , the current deviation < 
calculator/proportional integrator 53 calculates the 
difference Ai between the current command value I and the 
detected actual motor current value i and performs a 
proportional integration (PI operation) according to the 
difference Ai, thereby outputting a current control value E 
for controlling the motor 10 . When the contact surface between 
the commutator and the brush of the motor 10 is covered by an 
oxide film, the difference value Ai is large and the current 
command value I increases, thereby the current control value 
E increases step by step. Consequently, the motor applied 
voltage V also rises step by step. When the motor applied 
voltage V exceeds a certain value, the oxide film is broken, 
thereby the normal current flows in the motor. The motor 
current i is thus detected. 

[0120] The above processings are always performed in the 
current deviation calculator/proportional integrator 53 
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regardless of whether an oxide film is formed on the contact 
surface or not, the motor current detection circuit 42 can 
detect the motor current value i free from the disturbance by 
the oxide film. 

[0121] in the above processings, a very large current value 
i is detected at a moment when the oxide film insulation is 
broken due to the motor applied voltage V that increases step 
by step. At the next sampling time, however, the motor current 
value i is detected normally. Therefore, the normal motor 
current value i is detected in a plurality of sampling 
operations. Concretely, even when the detected motor current 
is not within the limit value at a sampling time, it cannot 
be determined that the motor current detection circuit 4 2 is 
defective. Otherwise, the detection might be determined 
wrongly . 

[0122] When the detected motor current value is not within 
the predetermined limit value even in a plurality of sampling 
operations, it is determined that the motor current detection 
circuit 42 is defective, since no oxide film is formed on the 
contact surface in this case. It is also possible to determine 
that the motor current detector 42 is defective when the 
detected current value that is not within the predetermined 
limit value is detected continuously in a specified number of 
sampling operations. 
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[0123] Furthermore, because the voltage V applied to the 
motor rises step by step in time series , when the detected motor 
current corresponding to the voltage V is not within the 
predetermined value, it may be determined that the motor 
current detection circuit 42 is defective. 

[0124] The motor current checker 54 outputs a plurality of 
fault signals when the motor current value i detected by the 
motor current detection circuit 42 is not within the 
predetermined limit value. Each of the signals denotes that 
a fault has occurred in the motor current detection circuit 
42. When the motor current value i is within the limit value, 
the motor current checker 54 outputs a plurality of no-fault 
signals. The reason why a plurality of fault/no-fault signals 
are output at this time is that the motor current value i is 
sampled by a plurality of times. 

[0125] The fault detector 55 confirms that those signals are 
detected through sampling of the motor current value i by a 
plurality of times in an operation check performed just after 
the ignition key is turned on based on a plurality of fault 
or no-fault signals output from the motor current checker 54 ^ 
the signal output from the ignition key ON detector 32^ and 
the signal output from the battery voltage detector 36. 
[0126] The fault detector 55 also determines that a fault 
has occurred in the motor current detecting means and outputs 
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a fault determination signal to the fail-safe processor 56 when 
a fault signal is detected from every detection result or from 
a detection result just after no-fault signal is detected in 
time series. 

[0127] The fail-safe processor 56 actuates the relay circuit 
34 to open the contact 34a according to the received fault 
determination signal, then shuts off the power supply to the 
motor 10. The operation of the electric power steering device 
is thus disabled. 

[0128] The motor applied voltage V should be limited in 
maximum by a value corresponding to the mechanical time 
constant of the motor. This is because otherwise an unexpected 
rotation of the motor might occur when the motor applied voltage 
V rises. When the motor applied voltage V is limited by such 
an upper limit value corresponding to the mechanical time 
constant of the motor, an accident caused by an unexpected 
rotation of motor is prevented. 

[0129] As described above, in the second embodiment of the 
present invention, the motor current detector circuit is 
checked for faults just after the ignition key is turned on. 
And, a motor current command value is set only for a time T 
whose value is smaller enough than the mechanical time constant 
Tm of the motor and larger enough than the electrical time 
constant Te of the motor, thereby the current deviation 
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calculator/proportional integrator 53 calculates a difference 
between a current command value and a detected motor current 
value and perform a proportional integration (PI operation) 
for the result based on the difference Ai to output a current 
control value E for controlling the motor. 

[0130] When the motor current is not detected normally, the 
current control value E increases with time through the above 
integration, thereby the motor applied voltage V rises . A high 
voltage is thus applied to the motor even when an electrically 
insulated oxide film is formed on the contact surface between 
the commutator and the brush of the motor. The insulation of 
the oxide film is thus broken, thereby the motor current comes 
to flow normally. 

[0131] Consequently, the fault detection is done free from 
the disturbance by the oxide film, so that it is possible to 
determine that the motor current detector circuit is defective 
when the detected motor current is not within a predetermined 
limit value. 

[0132] Furthermore, it is possible to make fault detection 
in the motor current detecting means just after the ignition 
key is turned on even while the motor is not rotated actually. 
An accident that the steering wheel comes to rotate 
unexpectedly can thus be avoided during fault detection. 
[0133] Although only preferred embodiments are specially 
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illustrated and described herein, it will be apparent that many 
modifications and variations of the present invention are 
possible in light of the above teachings and within the preview 
of the appended claims without departing from the spirit and 
intended scope of the invention. 
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